To investigate the role of sympathetic regula tion in both resistance and capacitance vessels in cerebral circulation, the responses of pial and intraparenchymal vessels to sympathetic nerve stimulation were simulta neously examined in 14 cats by means of a newly devel oped video camera photoelectric system. The system consisted of a video camera system for measurement of pial vascular diameters and a photoelectric apparatus for estimating regional cerebral blood volume in the intrapa renchymal vessels. The ipsilateral superior cervical gan glion was electrically stimulated for 5 min. Initially. both the pial and intraparenchymal vessels constricted. The
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MATERIALS AND METHODS
Experiments were performed on 14 cats weighing from 2.3 to 3.4 kg, anesthetized by intraperitoneal injection of a-chloralose (50 mg/kg) and urethane (5 00 mg/kg). The bilateral femoral arteries and one femoral vein were can nulated for monitoring arterial blood pressure (BP). ana lyzing blood gases. and injection of drugs. The animals were subjected to tracheostomy and were ventilated with a respirator (Harvard 662) after immobilization with al curonium chloride (2 mg i.v.). The animal's head was fixed in a stereotactic head holder and the scalp was in cised along the midline. Two burr holes were made on one side of the skull over the territory of the middle cere bral artery at a distance of 3 mm and the dura was care- fully removed. Cranial windows were attached to the burr holes and the space beneath the windows was fully filled with artificial cerebrospinal fluid made for cats. Figure I gives a schematic drawing of the video camera photoelectric system. The brain surface under one of the cranial windows was illuminated with a halogen light source (Narishige Co.) through optical fibers. and the pial vascular diameters were measured continuously em ploying the video camera system. The technical details of the system have been described elsewhere (Okayasu et al.. 1979; Gotoh et al.. 1982) . In brief. the system con sisted of a high-resolution video camera. camera control. monitor television. width-analyzing system. video timer. and multipen recorder. The images of pial vessels were visualized at x 200 magnification on the television mon itor. Video signals derived from the horizontal width of the target vessels were counted with a clock pulse of 12.195 MHz. The obtained digital data were reconverted into analogue signals of which voltage was proportional to the width of the target. The diameters of three target vessels were measured simultaneously and continuously by adjustment of a controllable video signal gate. The resolution of the system was 1.98 J.Lm at x 200 magnifica tion and the reproducibility was >99%.
Changes in CBV were measured by a newly developed photoelectric system that was modified from the original method (Tomita et al.. 1978) . The halogen light source used for measurement of the pial vascular diameters was employed simultaneously to provide an incident light ray for measurement of the changes in CBV. A silicon photo diode (2.5 x 2.8 mm; Moririca Co.) was attached to the other cranial window for continuous measurement of the intensity of light scattered and transmitted through the brain tissue. To minimize an influence of the pial vessels. the silicon photodiode was carefully placed not to be over the large vessels. The maximal absorption of the silicon photodiode was one of the isosbestic points of oxygen ated and reduced hemoglobin (570 nm). The changes in light transmission are considered to reflect changes in CBV. The relationship between the two parameters can be expressed as
where 1 is the intensity of the light scattered and trans mitted through the brain tissue. 1(0) is the intensity of light through the brain tissue without blood. and K is a constant. The spectrum of light transmitted through the brain tissue was analyzed by means of a spectrum ana lyzer (MCPD-200; Union Giken Co.). The depth of light transmission into the brain parenchyma was also esti mated by inserting the silicon photodiode into the brain tissue after all experiments had been completed. The ipsilateral superior cervical ganglion was isolated and stimulated electrically (5 V. 300 J.LS. 100 Hz. 5 min) with a stimulator (SEN-3201; Nihon Kohden Co.). The effectiveness of the stimulation was confirmed by max imal dilation of the ipsilateral pupil.
Arterial blood gases (P"oc.P"cocl were checked before and during superior cervical ganglion stimulation.
Statistical evaluations were performed by the two tailed Wilcoxon signed rank test or rank sum test. All values are expressed as means ± SEM. Figure 2 shows spectra of the halogen light itself and of light transmitted to the cranial window on which the silicon photodiode was attached. Under the present experimental conditions. the wave length of transmitted light covered the spectrum above 540 nm. implying that light with shorter wavelengths had been scattering and absorbed in the brain parenchyma including blood. The data are consistent with Rayleigh' s scattering law. indi- cating that no direct light comes through the extra dural space to the silicon photodiode and that the CBV estimated with this method reflects changes in the blood volume of the intraparenchymal brain tissue. The depth of light transmission into the brain tissue was measured to be �5 mm. which in dicates that changes in cortical and subcortical blood volume were measured with this method. Figure 3 gives an actual record of the changes in pial vascular diameters. CBV. and BP during supe rior cervical ganglion stimulation under a normo capnic condition (P,,02 = 120 mm Hg. P"co2 = 3g mm Hg). The pial artery (67 f.Lm in diameter) con stricted immediately after initiation of the stimula tion and remained constricted during the stimula tion. The pial vein (123 f.Lm in diameter) also con stricted during the stimulation. but the constriction was smaller than that of the pial artery in this an imal. The CBV decreased initially but then began to increase. exceeding the control level even during the stimulation. BP remained unchanged during the stimulation.
RESULTS
The time courses of the mean percentage changes in pial vascular diameters and changes in arbitrary units of CBV in nine cats are shown in Fig. 4 . The pial arteries of diameter ranging from 67 to 302 f.Lm (173 ± 25 f.Lm: n = 9) constricted signifi cantly for 4 min during the stimulation. The con striction rates were as follow: 2.6 ± 0.47r (I min). 4. 5 ± 1.5% (2 min). 4.1 ± 1.67c (3 min). 4.1 ± 1.6% (4 min). and 1.5 ± 1.47r (5 min-termination of the stimulation). The pial veins (121 ± 27 f.Lm: n = 9) constricted significantly for the first 2 min during the stimulation. The constriction rates were 3. 5 ± 1.4% (I min) and 2.9 ± 1.0s{ (2 min). There Example of continuous recordings of pial vascular diameters, changes in regional cerebral blood volume (CBV), and systemic arterial blood pressure (BP) during and after superior cervical ganglion stimulation. Note that CBV decreased initially but then began to increase despite con tinued stimulation. was no significant difference in the constriction rates between the pial arteries and veins. The CBV decreased significantly for the first 2 min. reaching a minimum value at 72 ± 16 s. Thereafter. it began to increase and exceeded the control level at 175 ± 25 s even during the stimulation. The CBV showed a significant increase at the end of superior cervical ganglion stimulation. In seven of nine cats. CBV returned to control levels at 326 ± 93 s after the stimulation. But in the other two cats. CBV did not return to the initial levels during our observation (for 10 min after the stimulation). The time courses of the mean percentage changes in small pial arteries with diameters of ;:;50 f.Lm (37 ± 3 f.Lm: n = g) are given in Fig. 5 . The small pial arteries constricted significantly (p < 0.0 I) for the first 2 min and then tended to return to control levels. But they never dilated more than the resting diameter during superior cervical ganglion stimulation.
Data on the arterial blood gases analyzed just be fore and during superior cervical ganglion stimula tion were as follow: P,,02 = 93 ± 4 mm Hg and 95 ± 5 mm Hg. P"co2 = 32 ± 2 mm Hg and 32 ± 2 mm Hg. respectively. No significant changes were observed. BP remained constant during the stimu lation.
DISCUSSION
Recent histochemical and electron microscopic observations (Nielsen and Owman. 1967 : Cervos Navarro and Matakas. 1974 : Edvinsson and Owman. 1977 have shown that adrenergic nerves derived from the superior cervical ganglion inner vate not only the pial vessels but also small arte rioles penetrating into the brain parenchyma. Fur thermore. there is some evidence to suggest sympa thetic innervation of the capacitance vessels of the brain (Auer and Johansson. 19t1l ). In functional terms. however. the role of sympathetic regulation in the resting CBF has been under considerable dis pute (Heistad and Marcus. 197ts: Purves. 197ts ). Wide variability in the reduction of CBF (ranging from 10 to 80%) during sympathetic nerve stimula tion has been reported by different investigators (Kobayashi et al.. 1971: D' Alecy and Feigl. 1972) . The discrepancies are considered to retlect species differences in the experimental animals (Heistad et al.. 197ts) and methodological limitations in the measurement of CBF (Purves. 1978 : Lacombe et al.. 1980 . Purves (1978) indicated that positive re sults were obtained when the inert gas clearance technique was employed in the baboon or monkey. and that negative results were observed with the la beled microsphere method in the dog. It is also pos sible that a significant reduction in CBF retlects mainly an extracranial component of the cerebral circulation. and that negative results depend on an "escape" phenomenon of the cerebral vessels from the sympathetic vasoconstriction (Sercombe et al.. 1979; Marcus et al.. 1982) .
In an attempt to resolve the above problems. we developed a video camera photoelectric system that permits simultaneous and continuous measure ment of pial vascular diameter and changes in CBV. As described in the Results section. CBV measured with this method retlects mainly changes in blood volume of cortical and subcortical regions in the territory of the pial arteries. Immediately after su perior cervical ganglion stimulation. the pial vessels began to constrict and CBV decreased. implying constriction of the intraparenchymal capacitance vessels as well as the resistance vessels. The large pial arteries (>50 f.1m) remained constricted during the stimulation. whereas the intraparenchymal vessels constricted initially but then began to dilate and exceeded the control level at the later stage de spite continued stimulation. Harper et al. (1972) hypothesized that sympathetic constriction of the extraparenchymal vessels might be compensated for by secondary dilation of the intraparenchymal vessels elicited by a chemical control. Busija et al. (19tl2) measured the blood flow velocity of the pial arteries and indicated that constriction of the pial arteries during sympathetic nerve stimulation was accompanied by an increase in the intravascular blood flow velocity. They obtained indirect evidence to suggest a dilation of the intraparenchymal vessels or a decrease in the intraparenchymal vas cular resistance. Baumbach and Heistad (1983) es timated the segmental cerebral vascular resistance during sympathetic nerve stimulation and reported that the vascular resistance increased in the large cerebral arteries but decreased in the small intra parenchymal vessels. They stressed the dilation of the intraparenchymal vessels but did not indicate an initial constriction of the intraparenchymal vessels as demonstrated in the present study. Many of the previously used techniques did not permit continuous measurement of CBF. so that the re sponse of sympathetic nerve stimulation was some times overlooked because of its transient nature. It became possible to detect a transient biphasic re sponse of the intraparenchymal vessels to sympa thetic nerve stimulation by using our video camera photoelectric system. which provided continuous measurement of changes in both the pial and the intraparenchymal vasculatures. We speculate that CBF may decrease during the early phase of the stimulation. since not only did the pial vessels con strict but also CBV decreased initially without a change in BP. CBF may recover gradually to the control level with the intraparenchymal vessels di lating after the initial constriction. Therefore. the latency of CBF measurement after sympathetic nerve stimulation is a crucial factor contributing to the divergent results concerning a significant role for sympathetic regulation in the resting CBF.
The present findings suggest that the escape in CBF from sympathetic vasoconstriction may be at tributable to secondary dilation of the intraparen chymal vessels. Folkow et al. (1964) first described the phenomenon in the mesenteric resistance vessels. indicating that the vessels escaped from the sympathetic vasoconstrictive effect within a few minutes. More recently. the presence of the phenomenon in the cerebral vessels has been pointed out by Sercombe et al. (1979) . The mecha nism of the escape phenomenon remains obscure. although several possibilities have been discussed. It should be also noted that in view of the distinct control mechanisms of the cerebral vessels. the na ture of the phenomenon in the cerebral vessels could be different from that observed in other organs. In this study. the intraparenchymal vessels began to dilate at 3 min after initial constriction and remained dilated for several minutes even after the stimulation was discontinued. We assume that such a time lag of the escape phenomenon may suggest accumulation of acid metabolites as a likely mecha nism for the phenomenon. Namely. such a time scale is reasonably required for the acid metabo lites to be accumulating in. and washed out of. thc brain tissue. A compensatory vasodilation as a smooth muscle cell response to decreased intralu minal pressure (Bayliss effect) may not play a major role in the phenomenon because it is too rapid to explain the time lag. The small pial arteries (�50 ILm) also tended to recover after initial con striction. However. in contrast to the compensa tory dilation of intraparenchymal vessels. the diam eter of the small pial arteries never exceeded the control level. In general, cerebral vessels are regu lated by multiple mechanisms represented by neu rogenic and chemical controls. There is a regional heterogeneity in the extent of the neurogenic and chemical control (Gotoh et aI., 1975) . If one mecha nism is elicited experimentally, other antagonistic mechanisms will begin to operate to maintain ho meostasis of the cerebral circulation. It is possible. therefore, that the forced sympathetic vasoconstric tion may cause secondary, compensatory dilation of the intraparenchymal vessels on the basis of the homeostatic mechanism.
In conclusion, the present results do not deny a significant role for sympathetic regulation of the resting CBF under physiological conditions. but provide evidence to indicate that sympathetic nerves derived from the superior cervical ganglion J Cereb Blood Flow Metab. Vol. 6, No.3. 1986 exert a vasoconstrictive effect on both the pial and the intraparenchymal vessels.
